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ABSTRACT 

The LM descent trajectory being considered f o r  

Apollo 15 has a 2 5 O  elevation angle at high gate. The in- 

crease from 16' allows the crew to get a much closer first 

look at the landing area. The AV cost and visibility time 

sensitivities of 25' trajectories to variations of high 

gate altitude, vertical descent rate at 500 ft altitude, and 

low gate altitude are determined. 

lowering the automatic low gate altitude from the proposed 

200 ft to 100 ft be considered further. 

It is recommended that 
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I. INTRODUCTION 

The LM descent trajectory being considered for 
Apollo 15 has a larger high gate elevation angle* above the 
landing site than do trajectories for the previous flights. 
This angle has been raised from 16O to 25O for about the 
same altitude (~7500 ft), and therefore reduces the high gate 
point's range from the lhnding site. 
LM crew gets a much closer first look at the landing area 
following pitchover at the beginning of the visibility phase. 
The solid angle described by a crater at the site is about 
3.5 times larger from this closer range. 

The result is that the 

The crew's ability to recognize the landing area 
features has also been improved by designing the trajectory 
with a nearly constant look angle** during most of the 
visibility phase. This constant look angle enables the LM 
Commander to determine more accurately the position of the 
desired landing site relative to the site to which the LM is 
being automatically steered. (The direction to this automatic 
site is displayed by the guidance computer so the Commander 
can determine its location in the LM window.) An error between 
the designated and desired landing sites is subsequently 
removed by Commander redesignation of the automatic site. 

use of steep descent trajectories to solve the visibility 
washout problem associated with the high sun elevation angles 
for T + . 2 4  hr launches. The major effort was to minimize 
AV while maintaining a high elevation angle with no attempt 
to keep the look angle constant. 

A previous memo (Ref. 1) considered the possible 

*The elevation angle is the angle between the line-of- 
sight from the LM to the landing site and the horizontal 
plane through the site. 

**The look angle is the angle between the forward body 
axis of the LM and the line-of-sight to the designated landing 
point. 
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This memo investigates the characteristic velocity 
(av)  cost and look time sensitivities to variations of certain 
parameters affecting a trajectory with a high gate elevation 
angle of 25O. The parameters studied are the high gate alti- 
tude, the vertical descent rate at 500 ft, and the low gate 
altitude (altitude of automatic guidance target switch, 
currently 200 ft). Each of the trajectories studied is de- 
signed with a nearly constant look angle during the visibility 
phase. 

First, the trajectory design is discussed. Then 
the parameter sensitivities are presented. 

11. CONSTANT LOOK ANGLE TRAJECTORY DESIGN 

Trajectory design consists of selecting the ex- 
plicit guidance steering coefficients (targets) and the 
trajectory's initial state so that the resulting trajectory 
has the required characteristics. In the design procedure 
followed for this memo, the visibility phase is first shaped 
to produce a nearly constant look angle. Then, the braking 
phase is designed so that the desired high gate state is 
reached with minimum AV. 

The steps followed in designing the visibility 
phase are: 

1. 

2. 

3 .  

4. 

5. 

The high gate altitude and elevation angle above 
the landing site are first chosen. In this study, 
the "nominal" trajectory had a high gate elevation 
angle of 25O. This fixes the high gate range. 

The low gate position and velocity are chosen. 
The nominal altitude and vertical rate were 200 ft 
and 5 ft/sec. The horizontal position and velocity 
were picked to produce acceptable touchdown condi- 
tions. 

The vertical rate at 500 ft is chosen. For the 
nominal trajectory, this was 16 ft/sec. 

The magnitude of thrust at high gate is chosen. 
In this study, it was 57% of full thrust. 

The minimum elevation angle of the visibility 
phase is chosen. This angle is used to control 
the look angle time history during the approach. 
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Figure 1 shows three look angle profiles for 
trajectories with different minimum elevation 
angles. Decreasing the minimum elevation angle 
raises the initial look angle to the designated 
landing site. 

6. The target coefficients are determined iteratively 
so that the visibility phase requires minimum AV, 
and the constraints of (3)-(5) are met. 

The braking phase ignition state and targets are 
selected so that (a) the initial state of the visibility 
phase (high gate) previously chosen is met, (b) the trajec- 
tory has 120 sec of throttle-down time, (c) thrust during the 
throttle-down portion does not exceed 58% of full thrust, and 
(d) the AV of this phase is minimized. 

111. PARAMETER SENSITIVITY 

The trajectories discussed in this section were 
designed with the Apollo 14 weight and thrust models, but the 
sensitivities should be typical for the Apollo 15 vehicle. 

The effect of varying high gate altitude on AV 
and look time is shown in Fig. 2. Look time is defined here 
as the amount of time the look angle is above the 55' line 
in the window. Raising the high gate altitude raises the AV 
cost to automatically land by about 30 ft/sec per 1000 ft. 
The tradeoff here is that the look time is increased by about 
7 sec per 1000 ft increase in high gate altitude. 

Raising the high gate altitude has no effect on 
downrange or crossrange LPD costs if the redesignations are 
made from the same altitude. However, raising high gate may 
allow the initial redesignations to be made at a higher 
altitude which would reduce the fuel cost. 

Figure 3 illustrates the effect of changing the 
vertical descent speed constraint at the 500 ft altitude 
point on the trajectory. These results are for a trajectory 
with a 7000 ft high gate and a 200 ft low gate. Increasing 
the vertical rate one ft/sec decreases the AV 18 ft/sec. 
Also, a one ft/sec increase raises the minimum elevation angle 
about 0.5O. An increased minimum elevation angle can be an 
advantage for avoiding visibility washout. 

By increasing the vertical rate at 500 ft altitude 
from 15 ft/sec to 19 ft/sec, the look time was decreased less 
than 5 sec. Also, changing this rate had a negligible effect 
on LPD costs for downrange and crossrange redesignations. 
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To determine t h e  e f f e c t  of changing t h e  automatic 

A parametric comparison of t hese  t r a j e c -  

low ga te  a l t i t u d e ,  another t r a j e c t o r y  was designed with a 
100 f t  l o w  g a t e  a l t i t u d e .  
kept  a t  5 f t / s ec .  
t o r i e s  follows: 

The v e r t i c a l  r a t e  a t  low g a t e  was 

1 0 0  f t  200 f t  
Low Gate Low Gate 

AV t o  automatical ly  land - fps 6592. 6628. 
Look t i m e  above 55' - sec 114. 94. 
Range where s i t e  drops below 5 5 O  - f t  200. 550. 
Minimum e leva t ion  angle  - deg 1 7 . 5  20.6 

The 36 f t / s e c  AV t h a t  the  100 f t  low g a t e  t r a j e c t o r y  
saves represents  about 7 seconds of add i t iona l  hover t i m e  
c a p a b i l i t y  o r  120 l b  of add i t iona l  payload. For  normal sun 
e l eva t ion  angles ,  t h e  crew v i s i b i l i t y  t i m e  also seems t o  be 
enhanced by lowering t h e  target low ga te .  Figure 4 compares 
t h e  look angle  t i m e  h i s t o r y  of t hese  t w o  t r a j e c t o r i e s .  T h e  
1 0 0  f t  low g a t e  t r a j e c t o r y  look angle  is  higher i n  t h e  window, 
b u t  it . is  also less constant .  

Figure 5 compares t h e  v e r t i c a l  descent  r a t e  of t h e  
two trajectories below 600 f t  a l t i t u d e .  The AV savings of 
t h e  1 0 0  f t  low ga te  t r a j e c t o r y  can be explained by t h e  gene ra l ly  
h igher  v e r t i c a l  ra te  below 400 f t .  This causes less t i m e  t o  
e l a p s e  u n t i l  touchdown. 

The s ta tes  of t h e  two trajectories a t  500 f t  a l t i -  
tude are: 

100 f t  200 f t  
Low Gate Low Gate 

Range 
Vertical  Speed - f t / s e c  
Horizontal  Speed - f t / s e c  
Look Angle - deg 
T i m e  From High Gate - sec 
AV Used - f t / s e c  

-1320. - 860. 
- 16. - 16. 

63. 51. 
38. 49. 
88. 86. 

6280. 6260. 
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The horizontal components of position and velocity are larger 
for the 100 ft low gate trajectory, and this is generally 
true for the last portion of the trajectory. This occurs 
because the trajectory is designed with a smaller minimum 
elevation angle. The resulting trajectory profiles are 
illustrated in Fig. 6. The trajectory with the 100 ft low 
gate more nearly resembles the Apollo 14 trajectory below 
500 ft; it should therefore have smaller AV costs for down- 
range-crossrange site redesignations during manual control. 

I V .  CONCLUSIONS 

The LM descent trajectories being considered for 
the Apollo 15 flight have the following sensitivities: 

1. Raising the high gate altitude 1000 ft increases 
the AV cost to automatically land 30 ft/sec and 
increases the visibility phase look time about 
7 seconds. 

2 .  Increasing the vertical descent speed at 500 ft 
altitude one ft/sec decreases the AV to auto- 
matically land 18 ft/sec and raises the trajectory's 
minimum elevation angle about 0 . 5 O .  

3 .  Lowering the automatic low gate altitude from 200 
to 100 ft provides the following advantages: 

a) The AV to automatic landing is reduced (36 ft/sec 
in the example). 

b) The look time available to the crew is increased 
( 2 0  sec in the example). 

c) The range where the automatic landing site drops 
below 55O in the LMwindow is reduced (from 550 ft 
to 200 ft in the example). 

d) The last part of the trajectory is flatter and 
with faster horizontal speeds. This should lower 
the landing site redesignation costs during the 
manual portion of the descent control. 

Points 1 and 2 give the trajectory designer sensitivities 
which can be used for trading off AV cost and look time. 
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It is recommended that lowering the automatic low 
gate altitude from 200 ft to 100 ft for the 2 5 O  trajectories 
be strongly considered. 

pdLr4&& 
J. A. Sorensen 2014- JAS-ksc 

Attachments 
Figures 1-6 
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